Abstract: Higgs bosons can be produced copiously at the LHC via gluon fusion induced by top and bottom quark loops, and can be enhanced strongly if extra heavy quarks exist. We present results for Higgs + zero-, one-and two-jet production at the LHC operating at 7 and 14 TeV collision energy, in both the Standard Model and the 4th generation model, by evaluating the corresponding heavy quark triangle, box and pentagon Feynman diagrams. We compare the results by using the effective Higgs-gluon interactions in the limit of heavy quarks with the cross sections including the full mass dependences. NLO effects on Higgs + zero-jet production rate with full mass dependence are presented for the first time consistently in the 4th generation model. Our results improve the theoretical basis for fourth generation effects on the Higgs boson search at the LHC.
Introduction
The Large Hadron Collider (LHC) is presently running with a c.m. energy of 7 TeV. One of its main goals is to explore the details of electroweak symmetry breaking, in particular the Higgs sector of the Standard Model (SM). At the LHC Higgs boson production via gluon fusion gg → H [1] [2] [3] is the dominant production mode. More exclusive channels such as Higgs associated production with one or two hard jets via gluon fusion or weak boson fusion [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] have also been studied. By using the accompanying jet information, one can refine the experimental cuts to increase the signal to background ratio and the potential of extracting Higgs parameters.
The measurement of Higgs boson production at the LHC can also give hints or constraints on those new physics beyond the SM which couple to the Higgs sector, such as e.g. the fourth generation extension of the SM (SM4) (see for example [14] [15] [16] [17] [18] ), which assumes additional heavy quarks (b ′ , t ′ ) with Higgs Yukawa interactions growing with their masses as for the SM quarks. The SM4 can address some of the current open questions, e.g. it provides new sources for CP violation [19] and baryogenesis [20, 21] . The SM4 is also consistent with the precision electroweak data. In particular the SM4 fit can lead to a much higher upper limit on the Higgs mass of ∼ 750 GeV at 95% C.L. [15, 16] than the SM one, and thus reduces the tension with the 114. 4 GeV lower limit from LEP2 [22, 23] . Recently the Tevatron constrained the 4th-generation b ′ mass to m b ′ > 338 GeV [24] , while unitarity requirements bound the 4th generation t ′ mass as m t ′ < 504 GeV [18, 25] . Notice also that a SM4 Higgs with mass between 131 GeV and 204 GeV has been excluded at 95% C.L. by the Tevatron [26] .
In the SM4, the appearance of heavy flavours enlarges the Higgs coupling to gluons significantly and thus the Higgs boson production rate at hadron colliders. Refs. [27, 28] present the NNLO QCD results for Higgs inclusive production with effective Higgs-gluon interactions, and further incorporates the contributions of the top and extra heavy quarks consistently following the method of Ref. [29] . In Ref. [16] , Higgs+2-jet production via gluon fusion has been studied as a background to the weak boson fusion process by using the effective Higgs coupling to gluons. In this paper, we investigate Higgs+jet(s) associated production, and check in particular the validity of the approach of using the effective Higgs-gluon interactions in our case. This paper is organized as follows. In Section 2 we describe the calculation. In Section 3 we present numerical results and their discussion. Finally we conclude in Section 4.
Description of the Calculation
At the LHC, Higgs+1-jet and 2-jet production via gluon fusion receives contributions from the partonic processes gg → gh , gq → qh ,→ gh, (2.1) and gg → ggh, qqh,
respectively, where q ′ denotes quarks with different flavour than q.
The relevant one-loop Feynman diagrams and amplitudes for all the subprocesses mentioned above have been generated with FeynArts 3.5 [30] , and manipulated with FormCalc 5.3 [31] . The Fortran libraries generated with FormCalc are then linked with our Monte Carlo integration code for final use, in which we have modified the codes generated with FormCalc by adding the extra heavy flavour contributions of the SM4. The tensor integrals are evaluated with the help of the LoopTools-2.5 package [31] , which employs the reduction method introduced in Ref. [32] for pentagon tensor, and Passarino-Veltman reduction for the lower point ones. The resulting regular scalar integrals are evaluated with the FF package [33] . Note that the UV and IR divergent scalar integrals have already been encoded into this newest version of LoopTools within dimensional regularization, which we have checked with QCDloop [34] . Moreover, we have modified LoopTools-2.5 to implement the reduction method for pentagon tensor integrals as proposed in Ref. [35] , and found it leads to much better numerical stability in our case.
We have performed a second calculation based on the heavy-top effective Lagrangian [2, 36] , which is a good approximation for not too heavy Higgs bosons (M h < ∼ m t ) and in appropriate kinematic regions [8] :
where G a µν denotes the gluon field strength tensor, and n h represents the number of heavy quarks, i.e. n h = 1(3) for the SM (SM4). This effective model has already been implemented in MadGraph4 [37] , with which we generated all contributing tree level Feynman diagrams and helicity amplitudes for the processes listed in Eqs. (2.1,2.2). The numerical evaluation is then performed by using the HELAS library [38] .
We have checked our calculations in several ways. First, we compared the results of our two calculations and got good agreement between them for smaller Higgs masses as expected. Second, we compared the SM result with Ref. [8] and could reproduce their results with the same settings and parameter choices.
Numerical Results
In this section we present the total cross sections and differential distributions for Higgs+1-jet and 2-jet production at the LHC. For completeness, we also show the relevant Higgs+0-jet results at LO and NLO.
We impose the minimal set of cuts
to identify massless partons with jets. Here η is the pseudorapidity of the jets and φ is the azimuthal angle around the beam direction. P cut T is the jet transverse momentum cut, chosen as a function of the Higgs mass M h :
thus for example P cut T = 30 GeV for M h = 400 GeV, which ensures the perturbatively reliability of our results over a wide range of Higgs mass, i.e. σ 2j < σ 1j < σ 0j .
We also show the results for Higgs+2-jet production with the following weak-boson-fusion cuts in addition,
Throughout our calculation, we set the top quark mass to m t = 173.0 GeV and take the five flavour scheme to treat external bottom quarks as massless particles while keeping the bottom quark mass as m b = 4.6 GeV in the fermion loops. The Fermi constant has been chosen as G F = 1.16637 × 10 −5 GeV −2 . For the LO results we adopt the CTEQ6L1 parton distribution functions (PDFs) [39] with the corresponding value for the LO strong coupling α s (M Z ) = 0.130, while at NLO we used the CTEQ6.6M PDFs with the NLO strong coupling normalized to α s (M Z ) = 0.118. Our default choice for the renormalization and factorization scales is M h .
For the SM4 parameters, we first focus on the scenario as chosen in Ref. [28] :
and
GeV, (3.5) which is consistent with electroweak precision tests [16] . We will also discuss the dependence on m b ′ . Fig. 1 shows the Higgs+n-jet (n = 0, 1, 2) production cross sections as functions of the Higgs boson mass at the LHC with √ s = 7 and 14 TeV including the minimal cuts of Eq. (3.1). As expected, in the light Higgs boson region (M h < ∼ 200 GeV) the gluon-fusion results agree well with the ones obtained by using the effective Higgs coupling to gluons for both the SM and SM4. The visible discrepancy for the n = 0 case in the light Higgs boson region is due to the contribution of the bottom quark loops at the 10%-level, which is much smaller for Higgs+1-jet and 2-jet production. SM4 rate over the SM one as n 2 h ≈ 9. In the larger Higgs mass region, the effective Higgs coupling approximation breaks down, and the gluon-fusion results differ significantly from the effective Higgs coupling approximation, especially when M h is near the thresholds at M h ∼ 2m t,b ′ ,t ′ , where threshold effects play a role. For heavy Higgs bosons with M h > ∼ 800 GeV the Higgs+1-jet and 2-jet production cross sections at the LHC with √ s = 14 (7) TeV in the SM4 can exceed the SM one by more than a factor of 10 and amount to O(100) f b (O(10) f b), which is promising for the related Higgs boson searches at the LHC.
In Fig. 2 , we show the cross sections as functions of M h for Higgs+2-jet production via gluon fusion in both the SM and SM4, and also display the SM results via the weak-boson-fusion process, imposing both the minimal and weak-boson-fusion cuts of Eqs. both the SM and SM4, even after imposing the large jet invariant mass cut in Eqs. (3.3), in agreement with Ref. [9] . One observes that the SM4 results are much larger than the SM ones, and can exceed the weak-boson-fusion results to a large extent, especially at the 14TeV LHC. Thus the importance of the weak-boson-fusion channels will be diminished and the Higgs search strategies will be affected within the SM4 context. Fig. 3 displays the transverse momentum distribution of the harder jet for Higgs+2-jet production via gluon fusion in the SM and SM4 at the 14TeV LHC including the minimal cuts of Eq. (3.1) for M h = 125 GeV and 400 GeV, respectively. For both the SM and SM4, the effective Higgs coupling approximation works well if the Higgs mass and the P T of the harder jet is small (P T < ∼ m t ), as found in Ref. [9] . The agreement is better in the SM4 because the contributions of the heavier extra quarks dominate and thus postpone the breakdown of the approximation to larger Higgs boson mass values. However, the transverse momentum distribution of the harder jet is softer than in the effective Higgs coupling approximation in general. In Fig. 4 , we show the azimuthal angle distribution between the two jets for Higgs+2-jet production via gluon fusion in both the SM and SM4 (m b ′ = 400 GeV) for M h = 125 GeV and 400 GeV, respectively. We also display the corresponding gluon-fusion results with the effective Higgs coupling approximation, and the weak-boson-fusion ones within the SM. Again the gluon fusion and effective Higgs coupling results agree well for the whole Φ jj region for the light Higgs boson case (M h = 125 GeV) but not for the heavy one (M h = 400 GeV). One can observe the characteristic flat distribution of the weak-boson-fusion and the dip structures of the gluon fusion results, respectively [7] [8] [9] [10] [11] [12] for both the SM and SM4, which originate from the properties of the CP-even Higgs boson couplings to weak bosons and to gluons within the SM. The SM4 results are larger than the SM ones, and are close to the weak-boson-fusion results even in the central region Φ jj ∼ 0, which will affect the Higgs boson search via the weak-boson-fusion channel significantly within the SM4.
In Tables 1-2 we present the cross sections for Higgs+n-jet (n = 0, 1, 2) production via gluon fusion at the 7TeV and 14TeV LHC in the SM and SM4 with the minimal cuts of Eq. (3.1) and m b ′ = 300, 400 and 500 GeV, respectively. The NLO numbers for Higgs+0-jet production have been obtained from HIGLU [40] by vetoing jets within the cuts of Eq. (3.1) 1 . We also exhibit the scale variation uncertainties by varying the renormalization and factorization scales µ R = µ F from M h /2 to 2M h 2 . With increasing m b ′ the cross sections in the SM4 become smaller by 1 It should be noted that the analysis of Ref. [41] used several approximations so that the full mass effects have not been taken into account consistently at NLO.
2 Note that the scale dependences at LO are expected to underestimate the real theoretical uncertainties but serve as a rough estimate. Due to the large QCD corrections to Higgs+1-jet and 2 jet production known in the SM in the heavy top limit [4, 10] one expects that the full QCD corrections within the SM4 will be sizeable and positive in general.
< ∼ 50% for m b ′ varied from 300 GeV to 500 GeV. The scale dependence of Higgs+2-jet (1-jet) production is much larger than for Higgs+1-jet (0-jet) production at LO due to the additional jet emission. The NLO numbers for Higgs+0-jet production indicate moderate QCD corrections and a strong reduction of the residual scale dependence. We expect a similar strong reduction of the scale dependence for Higgs+1-jet and 2-jet production at NLO after vetoing additional jets within the minimal cuts of Eq. (3.1). The strong uncertainty for Higgs+jet production at LO may hide the effects of extra heavy quarks partly in future LHC searches. However, due to the large enhancement of the SM4 compared to the SM production rates and the accompanying jet information, the Higgs+jet production channels can still be quite useful for early discovery of a 4th generation within the SM context. Moreover, motivated by Refs. [42, 43, 44, 45] , we are presently performing the merging of the above calculated LO matrix elements of various jet multiplicities with parton showers in a consistent way, to reach fully exclusive description of events for Higgs production at the LHC in both the SM and SM4 [46] . For the experimental Higgs search within the SM4 the large modifications of the Higgs branching ratios may be highly relevant in addition. For light Higgs (M h < 131 GeV), in analogy to the gluon-fusion processes the decay width of the Higgs boson into gluons will be strongly enhanced, thus reducing all other branching ratios accordingly. Moreover, the additional heavy quark contributions will diminish the W -loop contribution to H → γγ, so that this rare decay mode will be suppressed even further. Due to these changes of the Higgs boson profile within the SM4 context, the search strategies have to be reinvestigated in detail. For heavier Higgs (M h > 204 GeV), the decay channels H → ZZ, W + W − or tt remain the most dominate ones and the relevant branch ratios are nearly not changed, except near the threshold region (2m b ′ ,t ′ ), where new decay channels of Higgs into 4th generation quarks are opened. Higgs boson searches via the weak-boson-fusion processes will be affected in a similar way by the modified Higgs branching ratios.
Summary
We have presented the calculations of Higgs+1-jet and 2-jet production processes induced by gluon fusion at the LHC, in both the SM and its fourth generation extention. We have compared the full results to the corresponding ones by using the effective Higgs couplings to gluons in the heavy quark approximation. As in Refs. [8, 9] , we have found that the approximation works well in both the SM and SM4, for light Higgs bosons and moderate transverse momenta of the jets, P T < ∼ m t , while otherwise the differences are large in general. Light Higgs boson production within the SM4 with jet(s) via gluon fusion is approximately enhanced by a factor 9 compared to the SM cross sections. For heavy Higgs bosons the production rates amount to more than 10 times the SM one and reach values of O(100 f b). However, these results are plagued by significant scale uncertainties, but they can still be useful for early discovery of the Higgs boson with extra heavy quark contributions. A fourth generation will affect the Higgs search strategy via the weak boson fusion channel strongly. 
